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Model of synaptic vs. ephaptic coupling
Radman et al. (1) and Anastassiou et al. (2) introduced a phenomenological model to account for changes
in spike timing caused by the presence of extracellular fields in the presence of synaptic input that was based
on in vitro experiments (1) and detailed numerical modeling (2). Assume a neuron with constant spiking
threshold, with the change in spike timing ∆t due to the presence of an extracellular field described by
∆t =
vm − vrest
V˙inj
(1)
where vm − vrest (mV) is the relative deviation of the membrane potential due to the presence of an
extracellular field and V˙inj (mV s
−1) is the concurrent voltage ramp, i.e., the simulated synaptic input,
that induces the action potential. Therefore, ∆t specifies by how much an action potential that is triggered
by a current injection is delayed (∆t < 0) or advanced (∆t > 0) in the presence of a quasi-stationary
field compared to no field (control). Quasi-stationarity is satisfied in our experiments only for the slow
extracellular stimulation (1 Hz) given that spiking frequency is approximately 3 Hz (see Fig. S3). Then,
the change in spike timing phase, ∆ψ, due to the presence of an oscillatory external field is:
∆ψ = 2pi
∆t
T1/2
(2)
where T1/2 (ms) is the half period of the external field oscillation. Note that ∆t accounts for the change in
spike timing during a single ramp, i.e., a half cycle.
The concurrent synaptic input ramp V˙inj depends on three parameters: the spiking threshold, ∆vthresh,
the extent of hyperpolarization/depolarization of the particular section of the neuron due to background
synaptic activity, ∆v, and the duration of the ramp:
V˙inj =
∆vthresh −∆v±
T1/2
=
vthresh − v
T1/2
(3)
where ∆vthresh = vthresh− vrest (mV) is the action potential threshold relative to rest that we assume to be
constant and equal to 30 mV and ∆v = v−vrest is the extent of hyperpolarization (∆v < 0) or depolarization
(∆v > 0) of the membrane due to background synaptic input.
In other words, V˙inj represents the temporal voltage gradient resulting from pattern-related, and not
background, postsynaptic activity that leads to the neuron eliciting an action potential. Such mode of
operation, i.e., background vs. pattern-related postsynaptic input, has been reported both in neocortex
(3; 4) and hippocampus (5; 6; 7). When the membrane is so depolarized due to background excitatory input
that ∆v is very close to ∆vthresh, then V˙inj tends to zero, i.e., the additional pattern-related synaptic input
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needed to elicit an action potential becomes miniscule. In that case, based on Eq. 1 and 2, the impact
of the extracellular field on spike timing becomes dominant, i.e., ∆t and ∆ψ is large. Alternatively, when
the membrane is hyperpolarized due to background inhibitory input, the difference ∆vthresh −∆v becomes
large and the resulting change in spike timing is small, i.e., ∆t and ∆ψ tend to zero. These features become
apparent when substituting Eq. 1 and 3 into 2:
∆ψ = 2pi
vm − vrest
∆vthresh −∆v = 2pi
vm − vrest
vthresh − v (4)
In Fig. S17 we show the change in spiking phase ∆ψ vs. the hyperpolarization/depolarization due to
background synaptic activity ∆v when vm − vrest = 1 mV and -1 mV (black lins), 0.5 mV and -0.5 mV
(blue lines) and 0.1 mV and -0.1 mV (cyan lines) as described by Eq. 4. Note that vm − vrest accounts for
changes in the membrane potential purely due to the presence of the extracellular field. As observed, for
negative ∆v, i.e., when the membrane is hyperpolarized due to ongoing inhibitory input, the impact of the
extracellular field on spike timing asymptotically tends to zero. On the other hand, for positive ∆v, i.e.,
when the membrane is close to the spiking threshold due to background excitatory input, the impact of the
extracellular field becomes significant as even small changes in vm− vrest will translate into large changes in
spike timing, i.e., large |∆ψ|. For instance, in the presence of strong excitatory synaptic input leading to ∆v
= 20 mV and depolarizing extracellular field, vm − vrest = 1 mV, the extracellular field advances the spike
phase by ∆ψ = 36◦. For smaller membrane depolarization, for example if ∆v = 5 mV, and vm− vrest = 0.5
mV the phase advancement is only ∆ψ = 7◦. Note that for vm = vrest, i.e., no impact of the extracellular
field on vm, it follows from Eq. 4 that ∆ψ=0. The phenomenological model described by Eq. 4 was shown
to be in agreement with detailed biophysical simulations (2).
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Figure captions
Figure S1: Characteristics of the externally imposed spatiotemporal Ve- and E-fluctuations.
(a) A typical experimental configuration with an extracellular stimulation electrode (S1, black line), an
intracellular patching electrode (I1, blue line) and 6 extracellular recording pipettes monitoring Ve close to
the cell body (soma circumference designated by the thin black line). (b) Ve as measured at two sites R1 and
R2 for extracellular stimulation amplitude I0=200 nA and stimulation frequency (from left to right) f=1,
8 and 30 Hz. (c) The relationship between the Ve-amplitude (circles: mean, error bars: standard deviation)
and the distance from S1 for five stimulus intensities I0=10 (red), 25 (magenta), 50 (cyan), 100 (blue) and
200 nA (black) and two stimulus frequencies, f=1 (left) and 30 Hz (right). Solid lines indicate the best fit
(least-squares) of the point-source approximation using the resistivity ρ as a variable. Here, ρ=3.53±0.11 Ω
m for f=1 Hz (mean±std) and ρ=3.38±0.07 Ω m for f=30 Hz. ρ, as determined through this procedure,
was between 2.5 and 3.8 Ω m, in agreement with (10). The vertical black line indicates the position of the
soma of a patched neuron. (d) The Ve- and E-amplitude (red circles: data from n=25 experiments; black
circles: mean; error bars: std) induced by the harmonic extracellular stimulation for (from left to right)
I0=25, 50, 100 and 200 nA for f=1 Hz as measured by R1 in panel a. (e, f) The Ve- and E-amplitude (black
circles: mean, error bars: std, n=25 experiments) induced by the field for (from left to right) f=1, 8 and
30 Hz.
Figure S2: Alignment of spikes from individual neurons to detect spikelets due to gap junc-
tions. Dye-coupling studies indicate a progressive decrease in the number of gap junctions with development
and that in layer 5 they are almost entirely gone by postnatal day 14, the minimum age of our rats (8).
When gap junctions do occur between pyramidal neurons in the neocortex, their strength is remarkable
(54±9% coupling coefficient) and spikelets can easily be identified during suprathreshold activity (ampli-
tude of a spikelet: 14±2 mV; for example, see (9)). Here we plot the intracellular traces (blue: individual
traces; black: mean) from 4 individual neurons (top to bottom: neuron 1 to 4) when aligning all spikes (at
t=0) of a single experiment (extracellular stimulation amplitude I0=200 nA). The extracellular stimulation
frequency f (from left to right) was f=1, 8 and 30 Hz. No spikelets are observed 10 ms around any of the
spikes. In fact, we never observed any spikelets during any of the subthreshold or suprathreshold experi-
ments. For these reasons, we are confident that gap junctions did not occur between the cells we recorded
and do not contribute to the events we describe. Note that spiking activity in neuron 4 included 5 doublets.
Such high-frequency spiking was extremely rare (in fact, it was only observed in this one neuron).
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Figure S3: Spiking frequency and number of spikes for all neurons and field configurations
(Fig. 3). An intracellular (suprathreshold) current step caused the patched neuron to spike at a sustained
rate of 2-4 Hz. This was repeated 4-6 times with and without the oscillating field. Spiking as expressed in
the spiking frequency and total number of spikes triggered for a specific field configuration (I0, f) remained
unaltered compared to the control experiments (cyan: control experiments, black: extracellular stimulation
experiments; bars: mean, error bars: std) as assessed through the paired t-test (Bonferroni-corrected for
multiple comparisons). Only for I0=200 nA and f=30 Hz did we observe a statistically significant difference
in frequency and number of spikes between control and extracellular stimulation experiments.
Figure S4: Entrainment of spiking in individual neurons for f=1 Hz. (a) Increasing the field
strength enhanced phase locking of spikes at f=1 Hz as quantified through a population vector (PV) analysis
(black: stimulation; thick black line: PV). The length of the PV, |R| increased from 0.046 for I0=25 nA to
0.145 at 200 nA. (Same data as in Fig. 3d.) This entrainment to the time-varying field also reveals itself in
a non-uniform spike-phase distribution (p-values calculated using the Rayleigh test). The number of spikes
(N (cyan): control; N (black): extracellular stimulation; see also Fig. S3) did not change appreciably. (b)
Spike triggered power (STP) was unchanged (paired t-test fdr-corrected for multiple comparisons) between
control and extracellular stimulation (line: mean, shaded area: s.e.m.). Spikes in the control experiments
are assigned a ‘virtual’ Ve-signal identical to the subsequent extracellular stimulation experiment in order
to define a spiking-phase. (c) The spike-triggered average (STA) spectrum during extracellular stimulation
increased relative to control for increasing I0 (circles: mean, shaded area: s.e.m.) (d) The spike field
coherence (SFC), defined as the ratio of the STA and the STP spectra, quantifies the entrainment of spiking
to the field. Notably, given that the Ve-signal is dominated by the frequency of the extracellular stimulus f ,
SFC is increasingly dominated by artifacts, such as division between small numbers, the further away from
f (here, f=1 Hz). This is especially true for small-amplitude stimuli where the value of the absolute power
of STA and STP is also small, leading to the observed ‘u’-shape of the SFC spectra. The results reported
in Fig. 3f (left panel) are based on the difference between control and extracellular stimulation SFC at f=1
Hz.
Figure S5: Field entrainment of spiking of four neurons for f=1 Hz from the pooled data of
Fig. 3 and Fig. S4. Data for (from top to bottom) neuron 1 to 4 (cyan: control; black: stimulation). (First
to fourth column) STP spectra shown for I0=25, 50, 100, 200 nA. (Fifth to eighth column) STA spectra
for I0=25, 50, 100, 200 nA. (Ninth column) SFC calculated at f=1 Hz as a function of the stimulation
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amplitude I0. Similar to the pooled data of Fig. S4, STP for control and stimulation are rather similar,
while the difference in STA (and SFC) between stimulation and control increases for larger I0.
Figure S6: Entrainment of spiking at f=8 Hz. Same as legend to Fig. S4 except when otherwise
noted. (a) PV increased from |R|=0.031 at I0=25 nA to |R|=0.246 at I0=200 nA). (d) The results reported
in Fig. 3f (middle panel) are based on the difference between control and extracellular stimulation SFC at
f=8 Hz.
Figure S7: Field entrainment of spiking as f=8 Hz. Same as legend to Fig. S5 except that the field
oscillates at 8 Hz.
Figure S8: Entrainment of spikes of individual neurons at f=30 Hz. Same as legend to Fig.
S4 except when otherwise noted. (a) PV increased from |R|=0.060 at I0=25 nA to 0.156 at 200 nA. (d)
The results reported in Fig. 3f (right panel) are based on the difference between control and extracellular
stimulation SFC at f=30 Hz.
Figure S9: Field entrainment of spiking at f=30 Hz. Same as legend to Fig. S5 except that the
reported SFC (ninth column) is at f=30 Hz. As observed, both for STA and SFC, control experiments are
not easily distinguished from extracellular stimulation experiments except for neuron 4.
Figure S10: Suprathreshold synchronization in Fig. 4 is solely attributed to field entrainment.
Connectivity test between the four patched neurons reveals the absence of postsynaptic potentials at the
somata of all neurons (8 current steps of 2 nA applied at 20 Hz; the last step was applied 0.5 s later).
The four patched neurons are either not mono-synaptically connected or pharmacology adequately blocked
synaptic receptors. The Vi-range for all spike trains (plots along the diagonal) is indicated by the black bar
while for the rest of the plots, the relevant scale is the red one. Thus, synchronization of spiking in Fig. 4
is solely attributed to ephaptic coupling.
Figure S11: Field entrainment of suprathreshold activity of the four neurons for f=1 Hz from
the experiment shown in Fig. 4 and Fig. S10. Same as legend to Fig. S5.
Figure S12: Field entrainment of suprathreshold activity of the four neurons for f=8 Hz from
the experiment shown in Fig. 4 and Fig. S10. Same as legend to Fig. S7.
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Figure S13: Field entrainment of suprathreshold activity of the four neurons for f=30 Hz
from the experiment shown in Fig. 4 and Fig. S10. Same as legend to Fig. S9.
Figure S14: Ephaptic communication leads to coordinated spiking between proximally located
neurons. (a) Three neurons whose cell body are located within 50 µm3 were patched with intracellular
electrodes (blue). Six extracellular electrodes were used to monitor Ve-fluctuations (red). The extracel-
lular stimulation electrode (S1, black) was positioned approx. 50-80 µm from cells 1-3. (b) Intracellular
(black) and extracellular (red) activity during concurrent intracellular application of suprathreshold dc in-
put to the three neurons (control: top rows; extracellular stimulation: bottom rows). (c) Cross correlation
between the low-pass portion (<100 Hz) of the suprathreshold Vi- and Ve-signal (as recorded from the clos-
est somatic electrode) for neuron 1 (black), 2 (green) and 3 (red) for control (top row) and extracellular
stimulation (bottom row) experiments for (from left to right) (I0, f)=(25 nA, 1 Hz), (50 nA, 1 Hz), (100
nA, 1 Hz), (100 nA, 8 Hz) and (100 nA, 30 Hz). Extracellular stimulation results in (from left to right):
Ve-amplitude=0.09±0.03, 0.24±0.12, 0.40±0.12, 0.39±0.12 and 0.50±0.21 mV; E-amplitude=0.99±0.47,
2.07±0.99, 4.06±1.96, 3.87±1.79, 3.77±1.69 mV/mm (mean±std, among the 3 neurons). (d) PV analysis
of all spikes from neurons 1-3 for the extracellular stimulation conditions shown in panel c. As the field
strength increases, spikes from all three neurons cluster and the phase-distribution significantly deviates from
uniformity (p-values calculated using the Rayleigh test). As indicated by the total number of spikes from
all neurons (control: N(cyan); stimulation: N(black)) the increased entrainment of spiking is attributed to
spike phase re-shuffling due to field entrainment and not due to differential spiking rate.
Figure S15: Ephaptic communication leads to coordinated activity between proximally lo-
cated neurons. (a) Two neurons whose somata are located within 20 µm3 were patched with intracellular
electrodes (blue). Six extracellular electrodes monitored Ve-fluctuations (red). The extracellular stimulation
electrode (S1, black line) was positioned approx. 70 µm from their cell bodies. (b) Vi (black) and Ve (red)
during concurrent intracellular application of suprathreshold dc input to both neurons (control: top rows;
extracellular stimulation: bottom rows). (c) Cross correlation between the low-pass portion (<100 Hz) of
the suprathreshold Vi- and Ve-signal (as recorded from the closest somatic electrode) for neuron 1 (black)
and 2 (green) for control (top row) and extracellular stimulation (bottom row) experiments for (from left
to right) (I0 in nA, f in Hz)=(50, 1), (100, 1), (200, 1), (200, 8) and (200, 30). The induced Ve- and
E-amplitudes are shown on the top (because the distance between the somata is small compared to their
distance to S1, the Ve- and E-amplitudes are very similar). (d) PV analysis of all spikes from neurons 1 and
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2 for the extracellular stimulation conditions shown in panel c.
Figure S16: Membrane fluctuations during spiking activity are much larger than ephaptic
potentials. Vm-traces from subthreshold (left column) and suprathreshold (right column) experiments for
three single-neuron experiments shown in Fig. 3. In the left column we show 5 s traces of the resting mem-
brane potential (control, blue) and the ephaptic membrane potential induced by an extracellular stimulus
of strength I0=100 nA and frequency f=1 Hz (extracellular stimulation, black). In the right column, we
show 5 s traces from suprathreshold experiments for the same extracellular stimulus. The range of all y-axes
is 10 mV to allow for comparison between ephaptic potentials and the amplitude of membrane fluctuation
during action potentials. As observed, ephaptic potentials are much smaller compared to the suprathreshold
membrane oscillations.
Figure S17: Synaptic vs. ephaptic effects on spike timing and phase. The figure shows the change
in spiking phase ∆ψ due to a pattern-related depolarizing ramp and is also a function of the depolarization
caused by background synaptic input, ∆v (Eq. 4). For example, in the presence of a strong background
synaptic input that depolarizes the membrane by 25 mV, the phase of the spike induced by the pattern-
related ramp depolarization can be shifted by +/- 36o depending on whether the ephaptic potential is positive
or negative 0.5 mV. (The threshold potential ∆vthresh is set to 30 mV.) This demonstrates qualitatively
how the timing of the ephaptic potential is crucial in pushing spike timing forward or backwards compared
to control (no field). These effects become more pronounced the closer the membrane hovers to threshold.
While the numbers are not meant to be quantitative in this qualitative, back-of-the envelope model, they
convey the sense that under some conditions, slow field-induced ephaptic effects can critically affect spike
timing.
10
Nature Neuroscience: doi:10.1038/nn.2727
0 5 10 150
0.5
1
1.5
0 2.5 5 7.5 100
0.2
0.4
0.6
0.8
0 2 4 60
0.1
0.2
0.3
0.4
0 1 2 30
0.05
0.1
0.15
0.2
V e
 a
m
pl
itu
de
 (m
V
)
Electric eld (mV mm-1) Electric eld (mV mm-1) Electric eld (mV mm-1) Electric eld (mV mm-1)
0 50 100 150 2000
0.25
0.5
0.75
1
0 50 100 150 2000
2.5
5
7.5
10
0 50 100 150 2000
0.25
0.5
0.75
1
0 50 100 150 2000
2.5
5
7.5
10
0 50 100 150 2000
2.5
5
7.5
10
0 50 100 150 2000
0.25
0.5
0.75
1
V e
 a
m
pl
itu
de
 (m
V
)
E 
am
pl
itu
de
 (m
V 
m
m
-1
)
Extracell. stimulation
intensity (nA)
Extracell. stimulation
intensity (nA)
Extracell. stimulation
intensity (nA)
f = 1 Hz f = 8 Hz f = 30 Hz
I0 = 200 nA
f = 1 Hz
I0 = 100 nA
f = 1 Hz
I0 = 50 nA
f = 1 Hz
I0 = 25 nA
f = 1 Hz
40 60 80 100 1200
0.5
1
1.5
V e
 / 
m
V
Distance / µ m
Distance (μm)
f = 30 Hz
40    60    80   100 120
0
1.5
1.0
0.5
40 60 80 100 1200
0.5
1
1.5
V e
 / 
m
V
Distance / µ m
Distance (μm)
f = 1 Hz
40    60    80   100 120
0.
1.0
1.
0
V e
 a
m
pl
itu
de
 (m
V
)
?!
?"#$
"
"#$
!
?!
?"#$
"
"#$
!
1 s
R1
R2
?!
?"#$
"
"#$
!
?!
?"#$
"
"#$
!
0.03 s
?!
?"#$
"
"#$
!
?!
?"#$
"
"#$
!
0.125 s
1 m
V
1 m
V
0.2
0.1
0
0.4
0.2
0.8
0.
0
1.5
1.0
0.
a b
c
d
e
f
50 μm
R1 R2
soma
S1
I1
Figure S 1:
11
Nature Neuroscience: doi:10.1038/nn.2727
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
?!" " !" #"
?$"
?%"
?#"
"
Time / ms Time / ms Time / ms
ne
ur
on
 1
V i
 / 
m
V
f = 1 Hz
ne
ur
on
 2
V i
 / 
m
V
ne
ur
on
 3
V i
 / 
m
V
ne
ur
on
 4
V i
 / 
m
V
f = 8 Hz f = 30 Hz
Figure S 2:
12
Nature Neuroscience: doi:10.1038/nn.2727
0 50 100 150 2000
1
2
3
4
5
0 50 100 150 2000
1
2
3
4
5
0 50 100 150 2000
1
2
3
4
5
Sp
ik
e 
fr
eq
ue
nc
y 
(H
z)
Sp
ik
e 
fr
eq
ue
nc
y 
(H
z)
Sp
ik
e 
fr
eq
ue
nc
y 
(H
z)
Extracellular stimulation 
amplitude I0 (nA)
f = 1 Hz
f = 30 Hz
0 50 100 150 2000
50
100
150
200
Sp
ik
e 
nu
m
be
r
0 50 100 150 2000
50
100
150
200
Sp
ik
e 
nu
m
be
r
f = 8 Hz
0 50 100 150 2000
50
100
150
200
Sp
ik
e 
nu
m
be
r
Extracellular stimulation 
amplitude I0 (nA)
**
Figure S 3:
13
Nature Neuroscience: doi:10.1038/nn.2727
0.4 0.7 1 1.3 1.60
5
10
15
20
25
0.4 0.7 1 1.3 1.60
5
10
15
20
25
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)Sp
ik
e 
e
ld
 c
oh
er
en
ce
 (%
)
0.4 0.7 1 1.3 1.60
0.0725
0.15
0.4 0.7 1 1.3 1.60
0.025
0.05
0.4 0.7 1 1.3 1.60
0.005
0.01
0.015
0.4 0.7 1 1.3 1.60
0.005
0.011.0 x 10
-2 x 10-2
1. 5.0 15.0
7.2.5
1.0
0.
.5
x 10-2 x 10-2
ST
A
 s
pe
ct
ru
m
0.4 0.7 1 1.3 1.60
0.04
0.08
0.4 0.7 1 1.3 1.60
0.15
0.3
0.4 0.7 1 1.3 1.60
0.35
0.78.0 x 10
-2
ST
P 4.0
0.4 0.7 1 1.3 1.60
0.1
0.2
I0 = 200 nAI0 = 100 nAI0 = 50 nAI0 = 25 nA
N=2640
N=2710, p=6.5 10-5
N=2672
N=2785, p=2.5 10-3
N=2893 
N=2967, p<10-11
N=2809 
N=2859, p<10-11
0.04
900
00
2700
1800
0.04
1800
900
00
2700
0.04
1800
900
00
2700
1800
0.04
900
00
2700
0
0.4 0.7 1 1.3 1.60
5
10
15
20
25
0.4 0.7 1 1.3 1.60
5
10
15
20
25
a
b
c
d
Figure S 4:
14
Nature Neuroscience: doi:10.1038/nn.2727
25 nA
50 nA
100 nA
200 nA
STP
0.4
0.7
1
1.3
1.6
0
0.02
0.04
0.06
0.08
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.15
0.4
0.7
1
1.3
1.6
0 0.1 0.2 0.3
0.4
0.7
1
1.3
1.6
0 0.2 0.4 0.6
!"#
!"$
%
%"&
%"'
! ( # ' )*%!
?&
0.4
0.7
1
1.3
1.6
0
0.005
0.01
0.015
0.02
25 nA
50 nA
100 nA
200 nA
STA0.4
0.7
1
1.3
1.6
0
0.02
0.04
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.15
SFC (%
)
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.15 0.2
0.4
0.7
1
1.3
1.6
0 0.1 0.2 0.3 0.4
0.4
0.7
1
1.3
1.6
0 0.2 0.4 0.6 0.8
!"#
!"$
%
%"&
%"'
! ( # ' ) *+%!
?&
!"#
!"$
%
%"&
%"'
! % ( & # )*%!
?&
0.4
0.7
1
1.3
1.6
0
0.005
0.01
0.015
0.02
0.4
0.7
1
1.3
1.6
0
0.01
0.02
0.03
0.040.4
0.7
1
1.3
1.6
0
0.04
0.08
0.4
0.7
1
1.3
1.6
0
0.01
0.02
0.03
0.4
0.7
1
1.3
1.6
0
0.005
0.01
0.015
!"#
!"$
%
%"&
%"'
! & ' ()%!
?&
0.4
0.7
1
1.3
1.6
0
0.03
0.06
0.4
0.7
1
1.3
1.6
0
0.07
0.14
0.4
0.7
1
1.3
1.6
0 0.1 0.2
0.4
0.7
1
1.3
1.6
0
0.25 0.5
0.4
0.7
1
1.3
1.6
0
0.07
0.14
0.4
0.7
1
1.3
1.6
0 0.1 0.2
0.4
0.7
1
1.3
1.6
0
0.25 0.5
0.4
0.7
1
1.3
1.6
0 0.4 0.8
!"#
!"$
%
%"&
%"'
! # ( )*%!
?&
0.4
0.7
1
1.3
1.6
0
0.008
0.016
0.4
0.7
1
1.3
1.6
0
0.04
0.08
0.4
0.7
1
1.3
1.6
0
0.125
0.25
0
100
200
0 10 20 300
100
200
0 4 80
100
200
0 10 20 300
100
200
0 10 20 30stim
ulation
am
plitude 
(nA
)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
Figure S 5:
15
Nature Neuroscience: doi:10.1038/nn.2727
6 8 100
0.1
0.2
0.3
6 8 100
0.05
0.1
6 8 100
0.01
0.02
0.03
6 8 100
0.3
0.6
6 8 100
0.15
0.3
6 8 100
0.05
0.1
0.15
6 8 100
0.04
0.08
6 8 100
0.005
0.011.0
x 10-2
0.5
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)Sp
ik
e 
e
ld
 c
oh
er
en
ce
 (%
)
ST
A
 s
pe
ct
ru
m
8.0 x 10
-2
4.0
I0 = 200 nAI0 = 100 nAI0 = 50 nAI0 = 25 nA
3.0
1.
x 10-11.
1.0
0.
x 10-1
3.0
2.0
1.0
x 10-2 x 10-1
1.0
0.
x 10-1
3.0
2 0
1 0
6 8 100
10
20
30
40
6 8 100
10
20
30
40
6 8 100
10
20
30
40
6 8 100
10
20
30
40
N=2674
N=2691, p=0.074
N=2642
N=2729, p<10-11
N=2809
N=2913, p<10-11
ST
P
0.050.05 0.05 0.05
900
2700
1800 00 1800 1800 180
0 000000
2700
900 900 90
0
N=2896
N=3157, p<10-11
0
a
b
c
d
27002700
Figure S 6:
16
Nature Neuroscience: doi:10.1038/nn.2727
25 nA
50 nA
100 nA
200 nA
STP
25 nA
50 nA
100 nA
200 nA
STA
SFC (%
)
stim
ulation
am
plitude 
(nA
)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
6
8
10
0
0.04
0.08
6
8
10
0
0.05 0.1
0.15
6
8
10
0 0.1 0.2 0.3
6
8
10
0 0.3 0.6
6
8
10
0
0.007
0.014
6
8
10
0
0.01
0.02
6
8
10
0
0.03
0.06
6
8
10
0
0.07
0.14
0
100
200
0 10 20 30
6
8
10
0
0.05 0.1
6
8
10
0 0.1 0.2
6
8
10
0 0.2 0.4
6
8
10
0 0.4 0.8
!
"
#$
$ % & '(#$
?)
6
8
10
0
0.005
0.01
0.015
6
8
10
0
0.015
0.03
6
8
10
0
0.02
0.04
0
100
200
0 5 10 15
6
8
10
0
0.03
0.06
6
8
10
0
0.06
0.12
6
8
10
0 0.1 0.2
6
8
10
0 0.2 0.4
6
8
10
0
0.005
0.01
0.015
6
8
10
0
0.01
0.02
6
8
10
0
0.03
0.06
6
8
10
0
0.06
0.12
0
100
200
0 10 20 30
6
8
10
0
0.06
0.12
6
8
10
0 0.1 0.2
6
8
10
0 0.2 0.4
6
8
10
0 0.4 0.8
6
8
10
0
0.01
0.02
0.03
6
8
10
0
0.02
0.04
6
8
10
0 0.1 0.2
6
8
10
0 0.2 0.4
0
100
200
0 30 60
Figure S 7:
17
Nature Neuroscience: doi:10.1038/nn.2727
!" #$ %"$
%
&'(!$
?#
15 30 450
0.01
0.02
15 30 450
0.025
0.05
15 30 450
0.1
0.2
15 30 450
0.04
0.08
15 30 450
0.05
0.1
0.15
15 30 450
0.15
0.3
15 30 450
0.3
0.6
8.0
4.0
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)S
pi
ke
 
el
d 
co
he
re
nc
e 
(%
)
ST
P
8.0
x 10-2
4.0
0.040.04 0.04
I0 = 200 nAI0 = 100 nAI0 = 50 nAI0 = 25 nA
0.04
3.0
1.
x 10-1
0.
.
1.5
1.0
0.
x 10-1
2.0
1.0
x 10-2 x 10-2 x 10-1
2.0
1.0
N=2691
N=2777, p=4.5 10-5
N=2642
N=2764, p=1.97 10-2
N=2809
N=2878, p=1.96 10-5
5.0
2.5
x 10-3
15 30 450
10
20
30
40
15 30 450
10
20
30
40
15 30 450
10
20
30
40
15 30 450
10
20
30
40
N=2917
N=3132, p<10-11
ST
A
 s
pe
ct
ru
m
001800
2700
900 900
2700
001800 1800 00
900
2700
900
001800
2700
a
b
c
d
Figure S 8:
18
Nature Neuroscience: doi:10.1038/nn.2727
25 nA
50 nA
100 nA
200 nA
STP
25 nA
50 nA
100 nA
200 nA
STA
SFC (%
)
stim
ulation
am
plitude 
(nA
)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
0
100
200
0 10 20 30
15
30
45
0
0.04
0.08
15
30
45
0 0.1 0.2
15
30
45
0
0.15 0.3
15
30
45
0 0.3 0.6
!"
#$
%"
$ % & '(!$
?#
15
30
45
0
0.005
0.01
0.015
15
30
45
0
0.02
0.04
15
30
45
0
0.03
0.06
15
30
45
0
0.05 0.1
15
30
45
0 0.1 0.2
15
30
45
0 0.2 0.4
15
30
45
0 0.2 0.4 0.6 0.8
15
30
45
0
0.005
0.01
15
30
45
0
0.01
0.02
15
30
45
0
0.01
0.02
0.03
15
30
45
0 0.1 0.2
0
100
200
0 10 20 30
15
30
45
0
0.03
0.06
15
30
45
0
0.05 0.1
15
30
45
0 0.1 0.2
15
30
45
0 0.1 0.2 0.3 0.4
15
30
45
0
0.04
0.08
15
30
45
0
0.005
0.01
0.015
15
30
45
0
0.02
0.04
0.06
15
30
45
0
0.04
0.08
0
100
200
0 10 20 30
15
30
45
0
0.05 0.1
15
30
45
0 0.1 0.2
15
30
45
0 0.2 0.4
15
30
45
0 0.5 1
15
30
45
0
0.005
0.01
0.015
15
30
45
0
0.01
0.02
0.03
15
30
45
0
0.05 0.1
15
30
45
0 0.2 0.4
0
100
200
0 25 50
Figure S 9:
19
Nature Neuroscience: doi:10.1038/nn.2727
10 mV100 m
s
1 mV
neuron 1
neuron 2
neuron 3
neuron 4
neuron 1neuron 2neuron 3neuron 4
20 mV1 mV
0.1 s
Figure S 10:
20
Nature Neuroscience: doi:10.1038/nn.2727
25 nA
50 nA
100 nA
200 nA
STP
25 nA
50 nA
100 nA
200 nA
STA
SFC (%
)
stim
ulation
am
plitude 
(nA
)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
0
100
200
0 10 20 30
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.15 0.2
0.4
0.7
1
1.3
1.6
0 0.1 0.2 0.3 0.4
0.4
0.7
1
1.3
1.6
0 0.2 0.4 0.6
0.4
0.7
1
1.3
1.6
0
0.005
0.01
0.015
0.4
0.7
1
1.3
1.6
0
0.005
0.01
0.015
0.4
0.7
1
1.3
1.6
0
0.01
0.02
0.03
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0
100
200
0 10 20 30
0.4
0.7
1
1.3
1.6
0
0.02
0.04
0.06
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.15 0.2
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.4
0.7
1
1.3
1.6
0 0.1 0.2 0.3 0.4
0.4
0.7
1
1.3
1.6
0
0.005
0.01
!"#
!"$
%
%"&
%"'
! ( # ' ) *+%!
?&
!"#
!"$
%
%"&
%"'
! % ( & # )*%!
?&
0.4
0.7
1
1.3
1.6
0
0.01
0.02
0.03
0
100
200
0 10 20
0.4
0.7
1
1.3
1.6
0
0.04
0.08
0.4
0.7
1
1.3
1.6
0 0.1 0.2
0.4
0.7
1
1.3
1.6
0 0.2 0.4
0.4
0.7
1
1.3
1.6
0 0.3 0.6
!"#
!"$
%
%"&
%"'
! ( # ' )*%!
?&
!"#
!"$
%
%"&
%"'
! ( # ' ) *+%!
?&
0.4
0.7
1
1.3
1.6
0
0.005
0.01
0.015
0.4
0.7
1
1.3
1.6
0
0.03
0.06
0
100
200
0 10 20 30
0.4
0.7
1
1.3
1.6
0
0.04
0.08
0.4
0.7
1
1.3
1.6
0 0.1 0.2
0.4
0.7
1
1.3
1.6
0 0.1 0.2 0.3
0.4
0.7
1
1.3
1.6
0 0.3 0.6
!"#
!"$
%
%"&
%"'
! ( # )*%!
?&
0.4
0.7
1
1.3
1.6
0
0.01
0.02
0.4
0.7
1
1.3
1.6
0
0.02
0.04
0.4
0.7
1
1.3
1.6
0
0.05 0.1
0.15
Figure S 11:
21
Nature Neuroscience: doi:10.1038/nn.2727
25 nA
50 nA
100 nA
200 nA
STP
25 nA
50 nA
100 nA
200 nA
STA
SFC (%
)
stim
ulation
am
plitude 
(nA
)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
0
100
200
0 40 80
6
8
10
0
0.04
0.08
6
8
10
0
0.05 0.1
0.15
6
8
10
0 0.1 0.2 0.3
6
8
10
0 0.2 0.4 0.6
6
8
10
0
0.01
0.02
0.03
6
8
10
0
0.01
0.02
0.03
6
8
10
0
0.05 0.1
6
8
10
0 0.2 0.4
0
100
200
0 10 20 30
6
8
10
0
0.02
0.04
0.06
6
8
10
0
0.04
0.08
6
8
10
0 0.1 0.2
6
8
10
0 0.1 0.2 0.3 0.4
!
"
#$
$ % " &'#$
?(
6
8
10
0
0.005
0.01
6
8
10
0
0.01
0.02
0.03
6
8
10
0
0.05 0.1
0
100
200
0 10 20 30
6
8
10
0
0.03
0.06
6
8
10
0
0.05 0.1
0.15
6
8
10
0 0.1 0.2 0.3
6
8
10
0 0.3 0.6
!
"
#$
$ % ! &'#$
?%
!
"
#$
$ % " &'#$
?(
6
8
10
0
0.02
0.04
6
8
10
0
0.05 0.1
0.15
0
100
200
0 50
100
6
8
10
0
0.02
0.04
0.06
6
8
10
0
0.05 0.1
0.15
6
8
10
0 0.1 0.2 0.3
6
8
10
0 0.2 0.4 0.6
6
8
10
0
0.01
0.02
0.03
6
8
10
0
0.04
0.08
6
8
10
0 0.1 0.2
6
8
10
0 0.2 0.4
Figure S 12:
22
Nature Neuroscience: doi:10.1038/nn.2727
25 nA
50 nA
100 nA
200 nA
STP
25 nA
50 nA
100 nA
200 nA
STA
SFC (%
)
stim
ulation
am
plitude 
(nA
)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
frequency 
(H
z)
0
100
200
0 15 30
15
30
45
0
0.04
0.08
15
30
45
0
0.05 0.1
0.15
15
30
45
0 0.1 0.2 0.3
15
30
45
0 0.3 0.6
!"
#$
%"
$ % & '(!$
?#
15
30
45
0
0.005
0.01
0.015
15
30
45
0
0.01
0.02
0.03
15
30
45
0
0.01
0.02
0.03
0
100
200
0 10 20 30
15
30
45
0
0.02
0.04
15
30
45
0
0.04
0.08
15
30
45
0 0.1 0.2
15
30
45
0 0.1 0.2 0.3
!"
#$
%"
$ & % ' ()!$
?#
15
30
45
0
0.005
0.01
0.015
15
30
45
0
0.01
0.02
0.03
15
30
45
0
0.03
0.06
0
100
200
0 10 20 30
15
30
45
0
0.02
0.04
0.06
15
30
45
0
0.05 0.1
0.15
15
30
45
0 0.1 0.2 0.3
15
30
45
0 0.3 0.6
!"
#$
%"
$ & % ' ()!$
?#
15
30
45
0
0.005
0.01
15
30
45
0
0.005
0.01
15
30
45
0
0.05 0.1
0
100
200
0 40 80
15
30
45
0
0.05 0.1
15
30
45
0
0.05 0.1
0.15
15
30
45
0 0.1 0.2
15
30
45
0 0.2 0.4
15
30
45
0
0.005
0.01
15
30
45
0
0.02
0.04
15
30
45
0
0.05 0.1
15
30
45
0 0.1 0.2 0.3 0.4
Figure S 13:
23
Nature Neuroscience: doi:10.1038/nn.2727
a50 μm
1
2 3
S1
co
nt
ro
l
ex
tr
ac
el
lu
la
r
st
im
ul
at
io
n
! " # $ %
&'!($
?()%
(
()%
1 s
! " # $ %
&'!($
?()%
(
()%
! !"# $ $"# % %"# & &"# '
?(!
?)!
?#!
?'!
?&!
?%!
?$!
!
$!
%!
&!
'!
! !"# $ $"# % %"# & &"# '
?(!
?)!
?#!
?'!
?&!
?%!
?$!
!
$!
%!
&!
'!
1 s
! " # $ %
&'!($
?()%
(
()%
1 s
40
 m
V
1 
m
V
?! " !
?"#$
"
"#$0.5
0
-0.5
-1 0 1 ?! " !
?"#$
"
"#$0.5
0
-0.5
-1 0 1 ?!"#$% ! !"#$%
?!"%
!
!"%
-0.125 0 0.125
0.5
0
-0.5
?!"!## ! !"!##
?!"$
!
!"$
-0.033 0 0.033
0.5
0
-0.5
?! " !
?"#$
"
"#$
-1 0 1
0.5
0
-0.5
900 900 900 900 900
N = 355
N = 346
N = 344
N = 362
N = 363
N = 384, p=3.7 10-5
N = 363
N = 301, p=2.5 10-4
N = 284
N = 259
?! " !
?"#$
"
"#$0.5
0
-0.5
-1 0 1
Time (s)
?! " !
?"#$
"
"#$
-1 0 1
0.5
0
-0.5
Time (s)
?! " !
?"#$
"
"#$0.5
0
-0.5
-1 0 1
Time (s)
?!"#$% ! !"#$%
?!"%
!
!"%0.5
0
-0.5
-0.125 0 0.125
Time (s)
?!"!## ! !"!##
?!"$
!
!"$
-0.033 0 0.033
0.5
0
-0.5
Time (s)
I0 = 25 nA
f = 1 Hz
I0 = 50 nA
f = 1 Hz
I0 = 100 nA
f = 1 Hz
I0 = 100 nA
f = 30 Hz
I0 = 100 nA
f = 8 Hz
ex
tr
ac
el
lu
la
r
st
im
ul
at
io
n
xc
or
r
co
nt
ro
l
xc
or
r
0018001800 001800 00 1800 00 1800 00
0.05 0.05 0.05 0.05 0.04
c
d
neuron 2 neuron 3neuron 1b
Figure S 14:
24
Nature Neuroscience: doi:10.1038/nn.2727
1
2
R1
S1
50 μm
40
 m
V
N = 253
N = 254, |R|=0.046
a
N = 214
N = 210, |R|=0.037
900
2700
0.04
N = 276
N = 275, |R|=0.069
?! ?"#$ " "#$ !
?"#!
?"#"$
"
"#"$
"#!0.1
0
-0.1
?! ?"#$ " "#$ !
?"#!
?"#"$
"
"#"$
"#!0.1
0
-0.1
?!"#$% ! !"#$%
?!"#
?!"!%
!
!"!%
!"#0.1
0
-0.1
?!"#$% ! !"#$%
?!"#
?!"!%
!
!"!%
!"#
-0.125 0 0.125
0.1
0
-0.1
?!"!## ! !"!##
?!"$
?!"!%
!
!"!%
!"$0.1
0
-0.1
?!"!## ! !"!##
?!"$
?!"!%
!
!"!%
!"$
-0.033 0 0.033
0.1
0
-0.1
?! ?"#$ " "#$ !
?"#!
?"#"$
"
"#"$
"#!0.1
0
-0.1
?! ?"#$ " "#$ !
?"#!
?"#"$
"
"#"$
"#!
-1 0 1
0.1
0
-0.1
N = 276
N = 284, |R|=0.12
p=0.015
N = 276
N = 278, |R|=0.08
Time (s) Time (s) Time (s) Time (s) Time (s)
?! ?"#$ " "#$ !
?"#!
?"#"$
"
"#"$
"#!0.1
0
-0.1
-1 0 1 ?! ?"#$ " "#$ !
?"#!
?"#"$
"
"#"$
"#!0.1
0
-0.1
-1 0 1
900
0.04
2700
Ve-ampl. = 0.04 mV
E=0.3 mV mm-1
f = 1 Hz
Ve-ampl. = 0.17 mV
E=1.2 mV mm-1
f = 1 Hz
Ve-ampl. = 0.33 mV
E=2.3 mV mm-1
f = 1 Hz
Ve-ampl. = 0.33 mV
E=2.3 mV mm-1
f = 30 Hz
Ve-ampl. = 0.33 mV
E=2.3 mV mm-1
f = 8 Hz
co
nt
ro
l
ex
tr
ac
el
lu
la
r
st
im
ul
at
io
n
xc
or
r
xc
or
r
co
nt
ro
l
ex
tr
ac
el
lu
la
r
st
im
ul
at
io
n
! " # $ %
&'!($
?()%
(
()%
! " # $ %
&'!($
?()%
(
()%
! " # $ %
&'!($
?)(
?$(
?"(
(
"(
! " # $ %
&'!($
?()%
(
()%
! " # $ %
&'!($
?()%
(
()%
1 
m
V
1 s 1 s
neuron 1 neuron 2
c
900
2700
0.04
900
2700
0.04
2700
900
0.04
b
d
Figure S 15:
25
Nature Neuroscience: doi:10.1038/nn.2727
!
"
#
$
%
&
?
'
#
?
'
!
?
(
)
?
(
(
?
(
%
?
(
#
!
"
#
$
%
&
?%'
?%(
?%%
?%#
?%!
!
"
#
$
%
&
?'&
?'!
?(&
!
"
#
$
%
&
?&#
?&!
?%'
?%(
?%%
?%#
Tim
e (s)
Tim
e (s)
Tim
e (s)
Tim
e (s)
Vm (mV)Vm (mV)
Vm (mV)Vm (mV)
neuron 1
neuron 3
 Control / Subthreshold
!
"
#
$
%
&
?
'
(
?
'
'
?
'
%
?
'
#
?
'
!
!
"
#
$
%
&
?
&
!
?
%
'
?
%
(
?
%
%
?
%
#
Tim
e (s)
Vm (mV)
Tim
e (s)
Vm (mV)
neuron 2
 Control / Suprathreshold
Figure S 16:
26
Nature Neuroscience: doi:10.1038/nn.2727
! "! #! $!
?%!
?&'
!
&'
%!
Δψ
 / 
ο
Δv / mV
1 mV
-1 mV
0.5 mV
-0.5 mV
0.1 mV
-0.1 mV
Figure S 17:
27
Nature Neuroscience: doi:10.1038/nn.2727
